Abstract: A simple synthetic protocol was developed for the efficient synthesis of functionalized dispiro[indoline-3,1′-cyclobutane-2′,3″-indolines] with high diastereoselectivity. The reaction proceeds by cyclodimerization reaction of 3-phenacylideneoxindoles in the presence of a catalytic amount of photosensitizer Ru(bpy 3 )Cl 2 and visible light.
Introduction
The spirooxindole core is a privileged heterocyclic ring system that is present in a large number of bioactive naturally occurring alkaloids and medicinally relevant compounds [1, 2] . The past few years have witnessed the explosive studies of the synthetic approaches to versatile spirooxindole systems [3] [4] [5] , especially based on multicomponent reactions and catalytic asymmetric reactions [6] . In particular, the dispirocyclohexane-3,3′-bisoxindoles [7] [8] [9] [10] and dispirocyclopentane-3,3′-bisoxindoles [11] [12] [13] [14] [15] [16] [17] [18] [19] have attracted much attention. By contrast, the reports about the construction of the corresponding dispirocyclobutane-3,3′-bisoxindoles [20, 21] and dispirocyclopropane-3,3′-bisoxindoles are rare [22, 23] . In continuation of our work to explore efficient synthetic methodology for diverse heterocyclic spirooxindoles [24] [25] [26] [27] [28] [29] [30] [31] , here we wish to report diastereoselective cyclodimerization of 3-phenacylideneoxindoles to functionalized dispiro[indoline-3,1′-cyclobutane-2′,3″-indolines].
Results and discussion
Recently, Xiao and coworkers [32] have developed a catalytic tandem reaction of dihydroisoquinoline ester with N-phenylmaleimide for the synthesis of biologically important pyrrolo[2,1-a]isoquinolines (Equation 1 in Scheme 1). In order to further explore the synthetic application of this strategy for diverse heterocyclic systems, we attempted to use 3-phenacylideneoxindole 1a in place of N-phenylmaleimide in this reaction for the expected rapid and efficient access to spiro[indoline-3,1′-pyrrolo[2,1-a] isoquinoline] derivatives (Scheme 1). However, the reaction afforded the functionalized dispiro[indoline-3,1′-cyclobutane-2′,3″-indoline] 2a instead and the dihydroisoquinoline ester did not react. A literature survey showed that there are only two reported examples about the construction of dispiro[indoline-cyclobutaneindoline] skeleton [20, 21] . Here, we provide additional examples of convenient synthesis of dispiro[indoline-3,1″-cyclobutane-2′,3″-indolines] by the cyclodimerization reaction of 3-phenacylideneoxindoles.
At first, our attention turned to optimizing the reaction conditions of cyclodimerization of 3-phenacylideneoxindoles on the basis of the procedure reported by Xiao and colleagues. Without using the photosensitizer Ru(bpy 3 ) Cl 2 , and in the absence of visible light, no reaction was observed. After addition of photosensitizer Ru(bpy 3 )Cl 2 and in the presence of visible light, the reaction in CH 2 Cl 2 , MeOH, EtOH, DMF, CH 3 CN afforded the expected product 2a in 10%, 61%, 64%, 75% and 90% yields, respectively. The reaction in anhydrous acetonitrile not only gave the highest yield of product, but also afforded very pure product after simple filtration and no further purification by chromatography was needed.
Under the established reaction conditions, various 3-phenacylideneoxindoles were subjected to this reaction. The products 2a-l were obtained with yields in the range of 80-96% (Scheme 2). The substituents on the substrates 1a-l show little effect on the yields. The structures of the dispirooxindoles 2a-l were fully characterized by IR, HRMS, 1 H NMR and 13 C NMR spectra. Because the four carbon atoms of the cyclobutane moiety in 2a-l are chiral, there are eight possible disatereoisomers for these compounds. However, the 1 H NMR and 13 C NMR spectra are fully consistent with the presence of a single diastereomer in each case. For an example, the 1 H NMR spectrum of compound 2b displays a singlet at 2.29 ppm for two methyl groups. The benzyl groups display two doublets at 4.79 and 4.31 ppm with geminal coupling constant J = 15.6 Hz. In order to determine the relative configuration of the dispirooxindoles, the single crystal structures of compounds 2f and 2g were determined by X-ray diffraction method (Figures 1 and 2 ). It can be seen that the two molecules have same configuration, in which the two oxindole moieties are in trans-configuration and the two benzoyl groups are also in trans-configuration. Additionally, the 1,2-phenylene group of the oxindole moiety is in the cis-position to the nearby benzoyl group. It has been known previously that the 1,2-phenylene fragment of the oxindole moiety and the benzoyl group exist in the cis-arrangement in the 3-phenacylideneoxindoles [33, 34] . Thus, this cis-configuration of the substrate is retained during the cyclodimerization reaction. It can be concluded that the reaction obeyes the catalytic cycle proposed by Xiao for similar visible light catalyzed [2+2] cycloaddition reaction of (E)-ethyl 2-(2-oxoindolin-3-ylidene)acetates [21] .
Conclusion
An efficient synthetic protocol for functionalized dispiro[indoline-3,1′-cyclobutane-2′,3″-indolines] by the visible light catalyzed cyclodimerization reaction of 3-phenacylideneoxindoles in acetonitrile at room temperature has been developed. This diastereoselective reaction uses readily available substrates, proceeds under mild conditions and requires simple separation process.
Experimental
The catalyst Ru(bpy 3 )Cl 2 ·6H 2 O was purchased from Amquar Biology. Acetonitrile was dried with potassium carbonate before use. All reactions were carried out under ambient atmosphere and monitored by TLC. Melting points were taken on a hot-plate microscope apparatus. IR spectra were obtained on a Bruker Tensor 27 spectrometer using KBr discs. NMR spectra were recorded with a Varian 400 spectrometer with CDCl 3 as solvent and TMS as internal standard (400 MHz, and 100 MHz for 1 H NMR and 13 C NMR spectra, respectively). Electrospray ionization-high resolution-mass spectra (ESI-HR-MS) were obtained with a Bruker MicroTOF spectrometer. X-ray diffraction data were collected on a Bruker Smart APEX-2 CCD diffractometer.
General procedure for cyclodimerization of 3-phenacylideneoxindoles
3-Phenacylideneoxindole 1a-l (0.3 mmol) and Ru(bpy 3 )Cl 2 ·6H 2 O (3 mol%) was dissolved in dry acetonitrile (10.0 mL), and the solution was irradiated with 36 W white light for about 12 h in ambient atmosphere at room temperature. The resulting precipitate was collected by filtration and washed with cold acetonitrile to give analytically pure product 2a-l. 129.1, 129.0, 128.6, 128.4, 127.3, 126.8, 122.6, 107.9, 56.6, 43.8, 43.0 194.3, 173.0, 163.3, 139.9, 130.5, 130.2, 129.8, 128.8, 128.7, 123.1 63 (s, 2H, CH), 3.77 (s, 6H, CH 3 1″-Dibenzyl-6,6″-dichloro-3′,4′-bis(4-methoxybenzoyl)  dispiro[indoline-3,1′-cyclobutane-2′,3″-indoline]-2,2″- 
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1,1″-Dibenzyl-3′,4′-bis(4-methoxybenzoyl)dispiro[indoline-3,1′-cyclobutane-2′,3″-indoline]-2,2″-dione (2c) White
1,1″-Dibenzyl-5,5″-dimethyl-3′,4′-bis(4-methylbenzoyl) dispiro[indoline-3,1′-cyclobutane-2′,3″-indoline]-2,2″-dione (2d) White
1,1″-dibutyl-3′,4′-bis(4-methoxybenzoyl)-5,5″-dimethyldispiro-[indoline-3,1′-cyclobutane-2′,3″-indoline]-2,2″-dione (2f) White
